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As a novel technology, cemented paste backfill (CPB, a mixture of hydraulic binder, tailings 
and water) has been widely adopted in underground mines for ground support, particularly in 
Canada. After placement into underground excavation spaces (termed stopes), a narrow interfacial 
transition zone is formed along CPB-rock interface and affects the mechanical stability of bulk 
CPB at the macroscale. Moreover, CPB is simultaneously subjected to coupled thermal (T), 
hydraulic (H), mechanical (M) and chemical (C) loadings from early to advanced ages. Therefore, 
to assess the behaviour of CPB, the interface behaviours and associated multiphysics problems 
must be fully considered and assessed. In this study, a new large-scale THMC column model is 
developed to experimentally study the effect of interface behaviour on the CPB at the macroscale 
and its effect on the multiphysics processes. It has been found that the interface interaction 
significantly reduces the settlement and vertical stress and thus results in a large porosity in CPB 
matrix. Consequently, the porosity-dependent hydraulic conductivity is sensitive to the interface 
interaction, which in turn influences the evolution of matric suction. Similar indirect effects of 
interface interaction on the evolution of temperature and binder hydration were observed in this 
study. Moreover, it has been confirmed that the interface interaction can weaken mechanical 
behaviour and properties including elastic modulus, shear stiffness, cohesion, and UCS of CPB by 
its effect on the multiphysics processes. Therefore, the obtained results can further improve the 
strength-based design approach for CPB used in underground construction and thus contributes to 
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A  surface area of the specimen 
a   area of the burette 
B  thickness of the specimen 
Pmax  maximum load  
F        shear force 
Hm   total height of stope 
md  dry mass 
muw  underwater mass 
PB  biased pressure 
Kearth  coefficient of earth pressure 
E50  Secant modulus 
Vu(ti)  readings of the upper burette 
Vl(ti)  readings of the lower burette 
Kr  relative permeability 
hfilling  filled height of the CPB in the stope 
VF  pore fluid velocity 
QT   source term 
Qm   sink term induced by drainage 
P  maximum force  
D  averaged diameter of the specimen 
Greek 
τ   nominal shear stress 
τmax  peak shear strength 
ρd   represents dry density 
σv  vertical stress  
Z   elevation of CPB 
ΦB  interface friction angle 
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σh   horizontal stress 
σv   vertical stress 
σx  longitudinal stress 
σy  transverse stress 
σz  vertical stress 
ρF  fluid density 
μF  dynamic viscosity 
ɛF   fraction of pore space 
φF  pore fluid pressure gradient
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 General Introduction 
 Introduction 
Underground mining activities involves the extraction of valuable minerals or geological 
substances from the earth, typically from the surface or underground deposits (Chen et al. 2003). 
These deposits develop a mineralized program that is essential for the economic benefit of mining 
industry. The underground mining process can be summarized as the economical removal of 
underground ore bodies by crushing, blasting and processing the target ore body. This process 
creates various kinds of underground voids, referred to as stopes (Qi and Fourie 2019); (Raffaldi 
et al. 2019) . The economic mining process mainly depends on the size of stopes. Stopes are 
designed to maximize ore recovery while ensuring ground stability by leaving parts of valuable 
materials as pillars or unmined columns (Yang n.d.) (Figure 1.1).  
 
Figure 1.1. Massive pillars in an underground mine (Esterhuizen et al. 2011). 
The excavated ore body undergoes the treatment process to separate valuable minerals from 
the raw ore, termed ore dressing. This process of separation, in turn, produces mine waste referred 
to as tailings, which are the leftover materials consisting of ground rock and process effluent 
generated from ore dressing. Tailings possess no financial value; hence, their storage is often cost 
intensive. The storage facilities of tailings takes place either on the surface in retaining structures 
or in mined stopes termed backfill to provide ground support and prevent subsidence (Thompson 
et al. 2012); (Yang et al. 2017); (Yilmaz 2018)  
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Mine backfill has more environmental benefits than the surface disposal of tailings. The latter 
approach requires tailing dams, dry treatment and disposal in open quarries and water bodies, 
which can impose a potential threat to the environment (e.g., tailing dam accidents, acid mine 
drainage, heavy metal mobilization and groundwater contamination) (Bascetin et al. 2016). The 
mine backfilling operation utilizes waste tailings to fill the excavated stopes and improve the 
mechanical stability of the underground excavations. Some of the typical backfilling techniques 
include rockfill, hydraulic backfill and cemented paste backfill (CPB).  
Rockfill involves filling excavated stopes with crushed and sieved rocks, gravel, soil and 
industrial waste depending on the particle size distribution pattern (Yao et al. 2012). This method 
can improve stope stability, decreases harsh tailings on the ground surface, and prevent land 
subsidence and rock bursts from stress pattern changes (Sheshpari, 2015). However, the rockfill 
method demands high labour, expensive machinery, complex structure, and it results in low 
efficiency, critical tire wear, and gas pollution (Wang et al. 2013). Rockfill is an economical 
backfill option for some but not all cases in underground mines. Hydraulic backfill or hydraulic 
fill is a slurry comprising waste tailings, water hydrophilic slag and mountain/river sand that uses 
water as a medium of transportation to fill underground stopes. Poor design can increase pore 
water pressure and decrease the effective stress in the stope, causing liquefaction and leading to 
barricade failure.  
CPB technology is widely adopted in numerous underground mines throughout the world over 
the past two decades (Potvin et al. 2005; Belem & Benzaazoua 2008). This method was initially 
employed in the early 1990s in Canadian mines (Nantel 1998). CPB is a non-homogenous 
engineered mixture of mine tailings, binder (Portland cement, fly ash or blast furnace slag), and 
water (clean or mine processed). The percentage of solids varies from 70% to 85%, and binder 
ranges from 3 wt% to 7 wt%. The designed CPB is able to provide adequate strength for 
underground mining operations. Once the design strength is acquired, CPB serves the same 
purpose as pillars and provides ground support for the adjacent mining activities (Grice 2001; 
Kesimal et al. 2003; Yilmaz et al. 2014; Fall and Pokharel 2010a). 
 
 Problem Statement 
The behaviour and performance of in-situ CPB is governed by the coupled thermo-hydro-
mechanical-chemical (THMC) processes from early to advanced ages. These coupled multiphysics 
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processes result in a significant change in stress, matric suction (pressure exerted by unsaturated 
porous media to equalise the moisture content), temperature and material properties over curing 
time. Moreover, after placement into underground excavations, fresh CPB is confined by stiff rock 
mass with rough surfaces. Correspondingly, a micrometer-scale interfacial transition zone (ITZ) 
can be formed along CPB-rock interface. The resultant ITZ possesses strongly heterogeneous 
microstructure compared with CPB matrix. Since mechanical behaviour and properties of granular 
materials such as CPB are dependent strongly on its microstructure, the micrometer-scale ITZ must 
be considered as an independent component in the CPB-rock interaction system. Furthermore, 
when the consolidation occurs in CPB matrix, the relative displacement along CPB-rock interface 
activates the passive interface resistance in the ITZ and thus affects the stress distribution in CPB, 
especially in the narrow stopes. Therefore, the in-situ CPB mass is commonly subjected to the 
passive interface resistance loading conditions. As a result, the CPB-ITZ-rock interaction 
behaviour and its effect on the mechanical stability of CPB mass must be fully considered at the 
design stage of mine backfilling operation. However, previous studies on CPB-ITZ-rock system 
mainly focuses effect of interface behavior on the mechanical process, especially on the stress 
distribution, in CPB. There are no studies to uncover the link between interface interaction and 
multiphysics processes in CPB, which significantly limits the understanding of the in-situ behavior 
and performance of CPB. 
 
 Research Objectives and Methodology 
The key objectives of this research are to (1)  provide background information on coupled THMC 
processes in CPB matrix and the development of ITZ along the boundaries of CPB mass, (2) 
develop advanced experimental tools to investigate the THMC processes in CPB under the 
micrometer-scale passive interface resistance loading condition, and (3) to investigate on the 
mechanical behaviour of CPB under the passive interface resistance loading conditions. The 
obtained results from this study intend to contribute to an optimal design of CPB. The specific 
methodology of the research is summarized below: 
1. To develop a meter-scale column physical model to experimentally study the complex THMC 
processes in CPB under the micrometer-scale passive interface resistance loading condition; 
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2. To conduct mechanical testing program including unconfined compressive strength tests and 
direct shear tests and thus uncover the contribution of interface resistance to the mechanical 
behaviour and properties of CPB. 
3. To reveal the microstructure of the interfacial transition zone (ITZ) using scanning electron 
microscopy. 
4. To perform hydraulic conductivity tests and dry density measurement and thus determine the 
effect of interface resistance on the material properties at the macroscale. 
5. To provide recommendations for optimal design of CPB structures addressing safety and 
environmental benefits. 
 
Figure 1.2. Engineering problems of CPB associated with the present study. 
 Tasks and Thesis Organization 
The thesis is organized into six chapters comprising different tasks and objectives of the current 
master’s thesis research. Chapter 1 contains a general introduction addressing problem statements 
and research objectives. Chapter 2 is organized to provide a comprehensive review of the literature 
on CPB and a technical review of previous experimental studies on CPB. Chapter 3 provides 
detailed information on the research approach and methodology adopted to address the problem 
statement and research objectives. Chapter 4 contains results from the large-scale testing model 
comprising complex THMC multiphysics processes in high columns and test results from 
sampling high columns of CPB under curing pressure with varying curing times. Test results from 
control samples of varying curing times and drainage conditions. Chapter 5 contains discussions 
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 Literature Review 
 Introduction 
To provide a detailed understanding of multiphysics processes in CPB and its effects on CPB-rock 
interface behaviour, an evaluation of the essential theoretical and experimental background on 
CPB is offered in this chapter. Section 2.1.1 and 2.1.2 provides basic information on CPB—its 
design criteria, arching effect, interface interaction along the CPB-rock interface and multiphysics 
processes. Section 2.2 offers a review of previous experimental studies on the arching effect in 
CPB. Both laboratory studies and in-situ (field) measurements on CPB’s interface interaction and 
behaviour are reviewed.  
Underground mining activity involves the extraction and processing of raw orebody (rock), 
leaving large voids underground and tonnes of mine waste for surface disposal (Libos and Cui, 
2020). The surface disposal of mine tailings is uneconomical because it uses surface land area and 
creates environmental issues such as acid mine drainage, tailing dam failures and groundwater 
contamination (Blowes 1997). Backfill involves filling excavated stopes with mine tailings to 
ensure ground stability and the environment’s safety. CPB technology is a novel technology 
adopted by mines worldwide in the past two decades. CPB is a heterogeneous mixture composed 
of mine tailings with a percentage of solids varying from 70% to 85%, water and hydraulic binder 
ranging from 3 wt% to 7 wt% (Cui and Fall, 2016a). CPB can provide the required ground support 
to extract additional ore bodies and allows a significant reduction in surface disposal of mine 
tailings (Benzaazoua et al. 2004).  
 Design Requirements of CPB 
The designed CPB must satisfy the following requirements: 1) continue to be stable when vertical 
faces are open to adjacent pillar mining, 2) support the mass of loading gear when treated as a 
mucking (trafficked) floor, 3) confine the rock mass around the fill to maintain regional and local 
balance in the mining area, 4) allow blasting for undercut ore extraction beneath the fill, and 5) 
attain a significant early age strength to reduce the loading period on barricade structures. 
However, the design criteria for mechanical stability is not limited to these requirements. Previous 
studies on the mechanical behaviour of CPB have shown that in-situ strengths are typically (up to) 
four times higher than the laboratory values (Fourie et al. 2006). To satisfy the design criteria for 
mechanical stability, depending on the use, the strength of CPB generally varies from 0.5 MPa to 
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2.5 MPa (Jefferis Stephan and Wilson Stephen 2012). Mechanical strength for paste fill, when the 
free-standing walls of CPB are exposed during adjacent pillar recovery, is up to 1MPa after a 28-
day curing period to provide a safe mining environment (Cui and Fall, 2019). 
However, the cost of backfilling contributes to 20% of the entire mining operation, and cement 
consumption alone can comprise 80% of the backfilling cost. Previous studies have demonstrated 
that cement content directly affects CPB strength—an increase in cement content resulted in a 
higher strength CPB (Ercikdi et al. 2009; Cheng et al. 2019; Huang et al. 2011). Therefore, optimal 
CPB design is essential for limiting the use of cement content without affecting the strength 
(unconfined compressive strength). 
Waste tailings consumed in CPB technology can decrease the disposal of mining waste on the 
surface to a significant degree. Disposal of mine tailings on the surface has several disadvantages, 
namely, consumption of valuable land and resources for storage facilities (tailing dams (Figure 
2.1)), susceptibility to failures of tailing storage facilities and exposure of harsh chemicals to the 
surface environment (e.g., water bodies, soil and atmosphere). The failure of a tailings dam 
(Fundão dam) in Brazil on November 5, 2015 released more than 30 million cubic meters of water 
waste and mine waste and travelled more than 500 kilometres through the Doce River before 
reaching the Atlantic coast (Agurto‐Detzel et al. 2016). A similar failure at Mount Polley, Canada, 
on August 4, 2014, resulted in the flushing of 25 million cubic meters of mine waste and water 
into Polley Lake (Schoenberger 2016). Hence, it is crucial to consider environmental factors when 
designing CPB. 
 
Figure 2.1. Mine storage facility (tailings dam) (Roche et al. 2017). 
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 Properties of CPB 
The strength and performance of CPB depend on its physical properties and THMC processes. 
Previous studies have shown that physical properties such as void ratio, unit weight, water content, 
and degree of saturation are dependent on mix design, consolidation, backfilling strategy and 
curing conditions (Fall et al. 2007; Yilmaz et al. 2009). It has also been demonstrated that coupled 
THMC multiphysics processes that take place in CPB have substantial effects on the physical 
properties of CPB (Ghirian and Fall 2013; Ghirian and Fall 2014). 
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 Physical properties of CPB 
An experimental study was performed by Yilmaz et al. (2008) using sulphide-rich tailings, with 
varying binder contents of 0, 1, 3, 4.5 and 7 wt% and respective water-to-cement ratios of 27.8, 
9.7, 6.5 and 4.3, respectively, to analyze the effect of placement and curing process (with drainage). 
The study showed that binder content and curing time significantly affected void ratio and water 
content. With an increase in curing time and binder content, a higher void ratio and lower water 
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content were observed. The coefficient of consolidation (cv) increased with curing time. Both 
compression and recompression indices decreased with increased curing time.  
Fall et al. (2009) analyzed the hydraulic conductivity of CPB and found that with a decrease 
of water-to-cement ratio, hydraulic conductivity decreased. Hydraulic conductivity was found to 
be time dependent and decreased with longer curing times (more pronounced at an early age), and 
samples made of coarse tailings with 20% and 32% fineness generated higher permeability. 
 Coupled THMC Processes 
Coupled multiphysics processes or systems are one of the most crucial phenomena in porous 
media, cementitious materials and environmental engineering. They involve multiple physical 
fields simultaneously in a non-linear fashion, depending on the material. In a coupled multiphysics 
system, individual processes tend to affect the initiation and progression of the remaining 
processes (Table 2.2). The study of THMC processes requires a detailed analysis of each factor or 
process involved and their effect in governing the rest of the processes. Coupled multiphysics 
processes significantly govern the performance and behaviour of CPB once placed in the stope.  
Fall and Pokharel (2010) investigated the coupled effects of temperature and chemical 
processes and found that temperature, curing time and sulphate content impacted mechanical 
strength and mineral composition. Table 2.2 provides brief information on the effects of 
multiphysics processes in CPB. 
 Arching Effect and Interface Interaction 
Arching in soil occurs when the stress is transferred from the yielding part of the soil mass to the 
adjacent rigid mass, resulting in shearing resistance at the contact zone between the yielding and 
the stationary mass (Terzaghi 1943). The developed shearing resistance will prevent the movement 
of yielding mass and lead to stress increase at the support of the yielding section, resulting in a 




Table 2.2. Coupled THMC processes in CPB (Ghirian 2016). 
Mechanical (M) factor:  
Stress, deformation, damage, 
strength, shrinkage/source: 
in-situ stress, gravity, 
excavation. 
M→H coupling:  
Stress, deformation 
and damage-
induced change in 
porosity, 
transmissivity and 
pore connectivity.  





M→C coupling:  
Mechanically induced 
chemical process  
 Hydraulic (H) factor:  
Darcian or non-Darcian fluid 




H→M coupling:  
Fluid pressure-
induced change in 
effective stress, 
aperture/pressure/s
tiffness function of 
fracture properties 




H→C coupling:  
Change in fluid 




solute transport  
Thermal (T) factor:  
Heat conduction, convection, 
radiation/ Source: geothermal 
gradient, cement hydration. 
T→H coupling:  
effects of 
temperature on the 
dynamic viscosity; 
effects of heat flow 




of moisture flow. 
 T→M coupling:  







T→C coupling:  
Temperature-induced 
changes in reaction 
rate and chemical 
stability of 
minerals/elements  
Chemical (C) factor:  
Fluid-rock interaction, 
cement chemical reactions/ 
Source: Contamination 
migration, solid dissolution, 
and precipitation. 
 












C→M coupling:  
Chemical reaction-
induced strength and 
deformation alteration.  
 
 Experimental Study on the Arching Effect in Cemented Paste Backfill 
 Laboratory Study on the Interface Behaviour of Cemented Paste Backfill 
To study the interface behaviour and its influence on CPB, various studies were performed  series 
of experimental studies were conducted by researchers in the past through direct shear tests at the 
laboratory scale. Through these studies, the interface shear strength parameters (interfacial friction 
angle and adhesion) were evaluated.  
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Koupouli et al. (2016) conducted an experimental study on the CPB-rock (granite) interface to 
investigate the changes in interface parameters and identify the associated influential factors; 
control tests were also conducted on CPB-CPB samples in this study. To determine the effect of 
binder hydration, two different cement contents (2.3 wt% and 8.2 wt%) were adopted to prepare 
CPB samples, and then the samples were cured for 3 and 7 days. The prepared samples with the 
target curing time were sheared at a constant shear rate of 0.5 mm/min under different normal 
stresses (50 kPa, 100 kPa and 150 kPa). Figure 2.2 shows the shear stress- shear displacement 
curves for the CPB-rock interface and CPB-CPB interface with a cement content of 8.2% by 
weight for 3- and 7-day curing periods. The interface friction angle varied in the range of 37–44° 
for the CPB-CPB interface and 38–40° for the CPB-rock interfaces (Table 2.3). From Table 2.3, 
it can be observed that the effect of curing time and binder had a negligible effect on adhesion at 
the CPB-rock interface. 
The authors concluded that the interface shear strength and interface stiffness (Ks) depend on 
applied normal stress. Additionally, stress-displacement behaviour is primarily affected by binder 
content and interface roughness than curing time (3 and 7 days). The change in the interfacial shear 
strength is mainly due to the magnitude of the applied normal stress. Stiffness is also principally 
affected by the normal stress rather than curing time and binder content in the CPB-rock interface, 
whereas in the CPB-CPB interface, the stiffness slightly increases with increased curing times. 
This study has provided valuable information on the effect of curing time, binder content and 
applied normal stress on various parameters of CPB such as interface shear strength, stiffness, 




Figure 2.2. Shear stress and shear displacement curves for CPB-rock interface: (a) 3-day curing period (b) 
7-day curing period and for CPB-CPB interface: (c) 3-day curing period (d) 7-day curing period 
(Koupouli et al. 2016b). 
 





CPB-CPB interface CPB-rock interface 
3 days curing 7 days curing 3 days curing 7 days curing 
Ca (kPa) Φj(°) Ca (kPa) Φj(°) Ca (kPa) Φj(°) Ca (kPa) Φj(°) 
2.3 15 37 12 41 8 38 9 40 
8.2 12 40 10 44 9 38 9 39 
Fall and Nasir (2010) performed a laboratory study to determine the mechanical behavior of 
the interface between CPB and construction materials for barricades under shear loads. Barricades 
are constructed in stopes to keep the fresh CPB in place. In this study, two types of construction 
materials were selected—concrete and porous brick. For the preparation of CPB, artificial silica 
tailings were chosen to eliminate the effect of mineralogical and chemical composition on the 
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analysis of interfacial behaviours. The artificial tailings were mixed with Portland cement type I 
(cement content=4.5 wt%) and water (w/c=7.6). The testing samples comprised two components—
the sample base portion (concrete or brick with 60 mm x 60 mm x 8 mm) and sample top portion 
(CPB with 60 mm x 60 mm x 8 mm). These two components were separated by the interface, 
which corresponds to the central horizontal plane of the shear boxes. 
To evaluate the time-dependent interface shear behaviour, eight sets of direct shear tests were 
performed on CPB-rock specimens and CPB-CPB samples for 1, 7 and 28 days. The shear stress-
strain relation was studied for different barricade materials. The conclusions from the study were 
demonstrated in 3 stages. At stage 1, the shear stress increases until the initial peak stress at the 
shear strain ranging from 0.5–1.5% and then starts decreasing due to cementation bond breakage 
between CPB and the interfaces. In stage 2, the shear stress begins to decrease further because of 
the relative sliding between CPB and the interface. In the final stage, the shear stress begins to 
increase due to CPB hardening, resulting in higher roughness, which creates increased frictional 
resistance. 
 
Figure 2.3. Shear stress and shear strain behaviour for (a) CPB-brick interface (b) CPB rock interface. 
 Laboratory Study on Coupled Multiphysics Processes 
Extensive laboratory investigation by Ghirian and Fall (2013) and Ghirian and Fall (2014) using 
high-column experiments demonstrated the coupled THMC behaviour of CPB in an almost stress-
free state. The study showed the changes induced by the coupled effects of THMC processes of 
CPB by monitoring the settlement to represent the self-weight pressure, pore water pressure to 
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track the rate of self-desiccation, and ion concentration to describe hydration process and the 
cement-water reaction, have a direct effect on mechanical strength and stability. 
Ghirian and Fall (2015) analyzed the THMC behaviour of CPB by curing under pressure (7-
day curing period) to stimulate self-weight stress conditions (in-situ) using a novel pressure cell 
apparatus. It was observed that with an increase in curing time, porosity decreased. The curing 
temperature and heat of cemented hydration tended to accelerate strength development and reduce 
the setting time. Further, curing CPB under pressure resulted in pore refinement and subsequently 




 Field Monitoring on Interface Interaction of CPB 
Various studies in the past adopted in-situ monitoring methods to assess the performance of CPB 
in the stope after its placement. In-situ measurements deliver accurate and reliable data for better 
understanding of the effect of arching, in-situ behaviour and coupled THMC processes.  
 Arching Effect in CPB 
Arching occurs in CPB-rock due to the volumetric deformation of CPB that results in relative 
displacement along the CPB-rock interface. In narrow backfilled stopes, the difference in stiffness 
induces frictional load transfer between CPB and the surrounding rock, and this change develops 
interface resistance and reduces the effect of self-weight stresses on the CPB mass (Aubertin et al. 
2003). As shown in Figure 2.1, (a) represents the transfer of vertical or self-weight stress on to the 
surrounding rock and results in relative movement (frictional load transfer), whereas (b) represents 
the shear stress developed along CPB-rock interface, where the shearing resistance along the CPB-
rock interface opposes the vertical stress or self-weight stress from CPB acting downwards and (c) 
represents the reduction of vertical stress (σv) (induced by (a) and (b)) at the bottom of the stope. 
                




vertical stress (𝜎𝑣) 






















 In-situ Monitoring Case Studies 
Helinski et al. (2011) conducted a study on two mine stopes using in-situ measurements at the 
Kanowna Belle (KB) and Savannah Nickel (SNM) mines. The stope dimensions of the KB mine 
were 15 x 8 x 40 m, the draw point was 6 m wide and 6 m tall, and the containment barricade was 
constructed 6 m from the brow. The density of CPB was 75% solids by weight with a cement 
content of 3.1% by weight. A vibrating wire piezometer and total pressure cells were placed at the 
center of the stope floor to measure pore pressure and total vertical stress, respectively. For the 
first 10 meters of the slope, the filling was carried out at a rate of 0.2–0.5 m/h before a 24-hour 
rest period, followed by the filling operation continued at 0.3–0.6 m/h for the second filling 
sequence. Total vertical stresses (σv) were measured, until the end of filling and plotted against 
time as shown in Figure 2.5.  
 
Figure 2.5. In-situ measurements of vertical stress in stope. 
Figure 2.5 demonstrates the effect of arching over time. The vertical stress (σv) show a similar 
rate of increase as for the self-weight stress. Pore pressure begins to minimize after 20 hours (initial 
























increase in stiffness. The study also explains the relationship between filling rate, cement content 
and barricade stresses. 
An in-situ monitoring study was conducted by Yumlu (2008) to understand the pressure 
development mechanism within CPB fill in the stope. Three stopes were selected and instrumented 
with total pressure cells to monitor pressure changes, and piezometers were used to monitor the 
dissipation of pore water pressure. The pressure cells were installed to monitor horizontal, vertical 
and barricade pressures during and after the placement of CPB. The capacity of total pressure cells, 
Geokon Model 4800, was 360 kPa for piezometers; for the Geokon Model 4500S, capacity was 
350 kPa with a 50-micron filter head. 
The CPB mix consisted of fine tailings with a P90 of 63 microns and 50–60% of material 
passing through 20 microns. For binder, pozzolonic cement (CEM IV 32.5) was adopted. The 
binder content for one stope was 7 wt% and for the other two stopes was 5 wt%. The slump value 
varied between 175 mm and 190 mm with a target design strength of 1.0 MPa after 28 days’ curing 
period. From Figure 2.6 (a) the pressures recorded at barricades for all three stopes were less than 
self-weight stresses or geostatic stresses. Although the same fill recipes were adopted for stopes 2 
and 3, difference in barricade pressures were observed because of different stope size and filling 
sequence. Figure 2.6 shows that (b) the vertical stress recorded at stope 2 was significantly lower 
than the geostatic pressure, indicating the effect of arching. It should also be noted that the stresses 
at the barricade were lower than the vertical stress. 
 
Figure 2.6. (a) In-situ pressure development at barricades in all three stopes, (b) Vertical stress 









































 Mathematical Modelling on Arching Effect in CPB 
As discussed in Section 2, the in-situ and laboratory measurements deliver accurate and reliable 
data using state-of-the-art equipment and personnel expertise. However, the limitations of 
experimental studies are clear, namely, this method is time consuming and may require substantial 
material sources. Alternatively, mathematical modelling has gained importance because it is a 
cost-efficient approach for CPB analysis. Mathematical modelling involves two approaches—
analytical or coupled multiphysics modelling methods. The former refers to mathematical models 
that are represented by closed-form solutions. The latter involves multiple complex physical 
phenomena or coupled systems such as thermal, hydraulic, mechanical and chemical effects. 
Detailed information regarding each method for the analysis of CPB-rock interface behaviour are 
presented in the following sections. 
 Analytical Models for Predicting Stress in CPB 
Marston’s cohesion-less model is a commonly used analytical model for the arching effect (Cui 
and Fall 2019). Marston’s equation is derived based on force balance equation assuming that (1) 
at any given point of elevation, the horizontal stress is uniformly distributed, (2) both the interface 
friction angle and internal friction angle of CPB are equal, (3) the effect of adhesion at the interface 
is not considered and (4) the change in pore water pressure is not taken into consideration. Through 
Martson’s cohesion model, the horizontal and vertical stresses can be expressed as follows: 
𝜎ℎ =  
𝛾𝐵𝐵𝐵
2 𝑡𝑎𝑛∅𝐵





𝜎𝑣 = 𝜎ℎ/𝐾𝑒𝑎𝑟𝑡ℎ 
where σh and σv are horizontal and vertical stresses, respectively, ɣB is the unit weight of CPB, ΦB’ 
is the interface friction angle, B represents the width of the filled stope, HC indicates the height of 
the filled stope and Kearth denotes the coefficient of earth pressure. This model demonstrated the 
arching effect when the vertical stresses obtained from the model are plotted against the backfill 
depth (Figure 2.6). It is observed that there is a difference between the self-weight stress and 
vertical stress when a certain height is reached. This trend will continue upon increase in self-
weight stress until the point where the rate of change (increase) of the vertical stress is very low. 
This provides evidence for an arching effect in the stope. The limitations of this model are adhesion 
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at the interface, the rate of filling and the method of filling not being considered and the model not 
addressing coupled multiphysics effects (Cui and Fall, 2019). 
 
Figure 2.7. Self-weight weight stress and predicted vertical stress by analytical model (2.1) (Cui 
and Fall 2019). 
Belem et al. (2004) proposed an analytical model based on Martson’s model to study the 
dimensional stress distribution in CPB based on in-situ monitoring data from the Doyon gold mine. 
The modified equation is as follows:  
𝜎𝑥 =  
𝛾𝐵𝐻𝑚(𝐻𝑚 − 𝑧)
3(𝐵𝐵 + 𝐿𝐵)





                  (2.2) 
𝜎𝑧 = 𝜎𝑦 = 𝜎𝑥/1.8 
where σx,σy and, σz represent longitudinal, transverse and vertical stresses in CPB, respectively, 
and z is the elevation of CPB with respect to the floor of the stope (bottom point). LB is the stope 
length, Hm represents total height and hfilling represents the filled height of the CPB in the stope. 




Figure 2.8. Comparison between in-situ data and data from analytical model (Belem et al. 2004). 
The analytical model can evaluate the arching effect on stress magnitude in the stope. Due to 
its simplicity, the analytical model can be used as an effective tool for CPB design. However, the 
analytical methods cannot determine the variation of stresses due to coupled multiphysics 
processes (e.g., the effect of water drainage through the barricade, curing temperature, binder 
hydration and filling operation conditions). Therefore, to accurately and reliably assess the 
interface behaviour, an advanced mathematical model for the analytical description of the complex 
multiphysics process is required. 
 Coupled THMC Modelling of CPB 
The behaviour of CPB in the stope during and after placement is subjected to strong coupled 
THMC multiphysics processes (Cui and Fall, 2017a). These processes have substantial effects on 
CPB’s behaviour. To study the behaviour of CPB in stope during and after placement accurately, 
it is crucial to consider THMC processes in the mathematical model. One such model, namely, the 
THMC-consolidation model was developed by Cui and Fall (2017b) to analyze the performance 
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+ 𝛼Biot(𝑃a − 𝑃𝑤)
1−2𝑣
𝑒2(1+𝑒)2𝐸




                                    (2.3) 
where E and ν, respectively, denotethe elastic modulus and Poisson’s ratio; αBiot denotes the 
Biot’s coefficient; Se represents effective degree of saturation (i.e. Se = θ − θ r θ s − θr , θ, θs 
and θr are the volumetric, saturated and residual water contents, respectively); vw, vn, vab−w, 
vc and vtailings, respectively, represent specific volume of the capillary water, chemically 
combined water, physically absorbed water, cement and tailings; Rn−w/hc  denotes the mass 
ratio of the chemically combined water and hydrated cement; w/c is the water to cement ratio; 
Cm denotes the binder content; λ is a non-negative is a plastic multiplier ; αTs  is the coefficient 
of the thermal expansion of CPB solid phase. The coupled THMC processes are considered in 
the abovementioned consolidation model (equation (2.3)), such as thermal expansion or 
contraction, pore water loss, mechanical deformation and chemical shrinkage. To validate the 
proposed model, THMC pressure cell tests were performed; Figure 2.9 provides a comparison 




Figure 2.9. Comparison between developed THMC-consolidation model and data from 
laboratory tests. 
The thermo-hydro-chemical (THC) model was proposed by Wu et al. (2014) to illustrate 
temperature and pore water pressure changes in CPB. The heat generated by cement hydration was 
quantitatively determined by modelling the degree of hydration. Water retention behaviour and the 
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where VF represents the pore fluid velocity (air and water), QT is the source term induced by cement 
hydration, ρF is the fluid density, ɛF is the fraction of pore space occupied by fluid with respect to 
the pore space, Qm is the sink term induced by drainage, k is the intrinsic permeability, kr is the 
relative permeability, μF is the dynamic viscosity, and φF is the pore fluid pressure gradient. 
 
Table 2.4. Summary of mathematical models of CPB presented in section 2.2.4. 




(Cui and Fall 
2019) 
Arching model 
Arching effect is considered but 
THMC processes are not taken into 
consideration 
The only governing factor is self-
weight stress for the analysis. 




Longitudinal and transverse stresses 
can be determined, but THMC 









THMC processes are fully 
considered for the consolidation 
process in CPB. 
(Nasir and Fall 
2009) 
THC- model 







This chapter provides a detailed information of the materials and experimental methods adopted 
in this study. Section 1 discusses testing materials used to prepare the samples. Section 2 outlines 
the sample preparation and curing methods. Section 3 presents information about the monitoring 
and testing program. 
 Materials and Mix Proportions 
 Materials 
The materials used for sample preparation consists of General Use (GU) Portland cement as a 
binding agent, quartz tailings, and tap water. The quartz tailings with 99.7% silicon dioxide (SiO2) 
is used as tailings for the preparation of CPB. The physical properties of silica sand are presented 
in Table 3.1. Table 3.2 represents the particle size distribution parameters of silica sand where; Cu 
represents coefficient of uniformity (Cu= D60/D10) and Ccoef represents curvature coefficient 
(Ccoef=D302/(D10*D60)). Natural tailings are composed of harsh chemicals that react with cement 
and water, which affects the cement hydration. Using silica sand can guarantee consistency in 
geochemical compositions and properties in all the prepared samples. The most commonly adopted 
binder in paste backfill operations is General Use Portland cement. Hence, GU Portland cement is 
used as a binding agent for this experimental study. 
Table 3.1. Physical properties of silica sand. 
Properties List (unit) Value 
pH 6-8 
Specific Gravity (g/cc) 2.65 
Melting Point (°C) 1710 
Boiling Point (°C) 2230 
Water Solubility Insoluble 
Crystalline Silica (%) 99.0 – 99.9 






(μm) CU CCoef 
1.85 8.46 25.44 13.75 1.52 
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 Mix Proportions and Sample Preparation 
The mix proportion for preparation of CPB in this study included 4.5 wt% ordinary Portland 
cement with a water-to-cement ratio (w/c) of 7.6 for a unit weight of 21 kN/m3. The mixing of 
CPB was performed in two stages: 1) the dry mixture containing ground silica sand (tailings) and 
cement are mixed for 5 minutes, and 2) water is added and mixed for another ten minutes. The 
mixing technique adopted will ensure even distribution and, therefore, uniform cement hydration.  
 Multiphysics Monitoring and Mechanical Testing Program 
 Meter-scale column physical model 
Generally, stopes in mines are deep and narrow, surrounded by rock mass that promotes interface 
interaction between CPB and the rock surface. Studying the interface interaction in the field is 
highly challenging due to expensive instrumentation, interruption to mining activities and work 
safety issues in underground mining. To overcome these challenges, cylindrical building tubes 
with a height of 1.7 meters are adopted in this study. One column was coated by a Delta MS 
membrane to create rough inner surface, and the other column was setup without the interface 
membrane as the control model. An opening for water drainage was provided at the bottom of the 
columns. Two monitoring points were respectively set to the middle (0.75m from the bottom) and 
bottom of the column. To monitor the evolution of multiphysics processes, multiple sensors (see 
Table 3.3) were installed at the monitoring points.  














TEROS 21 Em50 (METER GROUP) Matric suction ±0.1 (kPa) 











For the high columns, the inner surface is coated with wax to prevent water loss through cardboard 
tubes. The wax-coated cardboard tubes were then attached to a 0.5-inch acrylic plate. For the 
columns with a membrane, the Delta MS membrane was adopted to simulate the rock surface and 
was installed around the inner surface of one column (Figure 3.1). For the control column, the 
Delta MS membrane was not adopted and the monitoring results can be used to perform 
comparative analysis. 
 
Figure 3.1. (a) Delta MS membrane (b) Column coated with wax layer and membrane (c) 
Instrumentation at the bottom of the column with a membrane. 
An ECH2O 5TE (manufacture: Meter Group) soil moisture sensor was used to measure the 
evolution of temperature, volumetric water content and bulk electric conductivity inside CPB. The 
measuring ranges for the 5TE sensor are -40 to +60°C for temperature, 0.0–1.0 m3/m3 for 
volumetric water content (VWC) and 0–23 dS/m for bulk electrical conductivity. 5TE 
sensors were installed at the middle and bottom points for the column with membrane and 
control column, respectively. 
A soil water potential sensor (model: TEROS 21) was used to measure the development 
of matric suction in CPB. The measurement range of this sensor is 9–2000 kPa, and it can 
work in the temperature range of -40 to +60°C. Matric suction sensors were installed at the 




Linear variable displacement transducer (LVDT) sensors were installed at the top of high 
columns after the filling to measure the vertical settlement in both columns. Moreover, both 
columns were installed with a pressure plate at the base of the columns to measure the vertical 
stress. Figure 3.2 shows the installation of sensors in the high columns. 
Through the incorporation of multiple sensors into the meter-scale physical model, the 
evolution of multiphysics processes in CPB under passive interface resistance loading conditions 
can be obtained. Over a 90-day monitoring period, the coupled THMC processes were monitored 
in both columns. The data sampling rate was set to one data per 30 minutes over the monitoring 
period. A schematic diagram of the column with a membrane is shown in Figure 3.3. 
 







Figure 3.3. Schematic diagram of monitoring columns (a) column with membrane and (b) column without 
membrane. 
CPB mixing was performed in the concrete mixer. The quartz tailings and cement were first 
mixed for five minutes, and then water was added and mixed for another ten minutes to ensure 
uniformly distribution of cement in fresh paste. After the mixing process, the CPB was then 






















































Table 3.4. Instrumentation and characteristics of monitoring column. 
 Column 1 Column 2 
Height of the column 1.7 meters 1.7 meters 
Height of CPB in the column 1.5 meters 1.5 meters 
Drainage Provided Provided 
LVDT Top point Top point 
5TE middle and bottom points middle and bottom points 
TEROS-21 middle and bottom points middle and bottom points 
 Column 1 (cont.) Column 2 (cont.) 
Pressure Plate bottom point bottom point 
Delta MS membrane Installed Not installed 
Monitoring Time (days) 90 90 
Ambient Temperature Room Temperature Room Temperature 
 
 Testing Program on the CPB Specimens from Large-Scale Column Models 
Additionally, three sampling high columns with interface membranes were cast and tested at 7, 28 
and 90 days. When the target curing time was reached, the samples from the middle and bottom 
points of the high columns were extracted and tested. Laboratory tests includes direct shear tests, 
unconfined compressive strength tests and hydraulic conductivity test. The results obtained from 
the tests was used to evaluate the THMC processes in CPB under passive interface resistance 
loading condition. The tests conducted on high column samples were performed under room 
temperature (22ºC to 25°C). 
For the direct shear test, nine samples from the middle and bottom points of each column were 
respectively collected and tested under normal stress of 50, 100 and 150 kPa. For each normal 
stress, three samples were tested. Similarly, three samples from the middle and bottom points of 
each column were collected to perform the UCS tests. Moreover, three samples from the middle 
and bottom points of each column were collected to conduct hydraulic conductivity tests. Thus, 
for one column, a total of 30 samples were extracted and tested. The testing procedures for the 




 Testing Program on CPB Specimens from Standard Molds 
To identify the difference of mechanical behaviour and properties of CPB from large-scale 
physical models and standard molds, a testing program including UCS tests and DSTs were 
conducted on the specimens cured in the standard molds at 7, 28 and 90 days. Same testing 
materials including quartz tailing, GU cement and tap water were adopted. The mixing proportion 
was composed of a cement content of 4.5% wt and a water-to-cement ratio of 7.6. The mixing 
procedure involved two steps, namely, a dry and then a wet mix. In the dry mix, silica tailings and 
cement were mixed in a small-scale mixer, a KitchenAid pro 5 Plus stand mixer (Figure 3.4) was 
used for five minutes and for the second mix, water was added and mixed for another ten minutes. 
The CPB mix was then immediately transferred into respective molds depending upon the test. 
Because CPB does not have any standardized mixing process, ASTM C192 is used as a reference. 
For drained samples, sampling molds were provided with a hole at the bottom to enable 
drainage. Allowing drainage leads to consolidation of CPB after the placement of CPB in molds 
with; filter paper is provided at the bottom, over the hole, to avoid any clogging. The cast samples 
were cured for 7, 28 and 90 days before testing. When the appropriate curing period was reached, 
the samples were demolded using air pressure. For UCS tests and hydraulic conductivity tests, 
cutting and shaping of samples was not required, whereas for the direct shear test samples, cutting 
and shaping was necessary due to the shear box requirements. The direct shear samples were cut 
using a Bosch 10-inch dual-bevel mitre saw. All samples were cured at room temperature (≈ 20 
°C). 
 




 Direct Shear Test 
Direct shear tests were used to determine the shear strength parameters of CPB. A CPB square 
prism (test specimen or sample) of 60 mm x 60 mm x 30 mm was restrained laterally and sheared 
along the horizontal plane. Direct shear specimens were cut from a 100-mm diameter cylindrical 
CPB mold of 200-mm height. From each mold, five 100-mm diameter discs of 30-mm height were 
cut and shaped into 60 mm x 60 mm x 30 mm size specimens.  
ASTM D3080 standards were adopted to perform direct shear tests on CPB samples to 
investigate the effect of curing time and curing pressure (high column samples) on their shear 
behaviour. Adopted curing times were set to 7, 28 and 90 days for the samples from high column 
models and standard molds (drained and undrained). For the direct shear tests, the normal stresses 
of 50, 100 and 150 kPa were applied. For each normal stress, three samples were tested to ensure 
accuracy. 
 
Figure 3.5. Direct shear test apparatus including sensors, shear box and CPB sample. 
A shearing rate of 1 mm/minute was adopted for all direct shear tests. LVDTs were installed 
to measure horizontal and vertical displacement, and a load cell was installed to measure shear 
stress along the horizontal direction. The data from sensors were collected using a data logger, and 
strainsmart software was used to export all the data into Microsoft Excel format. The obtained 





CPB sample  
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shear behaviour of CPB, such as strain hardening, strain softening, and shear strength parameters 
including cohesion and internal friction angle. The following equation was used to determine the 





where 𝜏 represents nominal shear stress (kPa), 𝐹 is shear force (kN), and A represents the surface 
area of the sample, corrected according to the increase in horizontal displacement. 
 Unconfined Compression Strength Test 
Unconfined compressive strength (UCS) tests were conducted on CPB samples to study the 
compression behaviour of CPB. Because there are not ASTM standards for CPB materials, the 
testing methods used for other geomaterials were adopted in this study. Specifically, ASTM C39 
standards were adopted to perform the UCS tests on CPB specimens at 7, 28 and 90 days.  
                
           Figure 3.6. Experimental setup of UCS test. 











Load cell  
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During UCS tests, CPB samples were placed in the loading frame and a constant displacement 
rate was applied until the CPB sample failed. A load cell was installed to measure the axial load, 
and an LVDT was installed to measure the axial displacement. The loading frame T57 with a 
displacement rate set to 1 mm/minute was used for UCS tests in this experimental study. The data 
from the load cell and LVDT were collected by a datalogger and exported through strainsmart 
software. The exported data from strainsmart software were then analyzed using Excel files. The 
compression behaviour and peak compressive strength of CPB was then determined using the 
following equation: 
 





where UCS represents unconfined compressive strength (MPa), 𝑃𝑚𝑎𝑥 = maximum recorded load 
(kN) and D is average diameter of the specimen. A typical axial stress – axial strain curve is shown 
in Figure 3.7, where UCS represents the peak strength before failure, E50 represents the secant 
modulus of the sample, and the axial stress-axial strain curve represents the behaviour of the CPB 




Figure 3.7. Axial stress-axial strain curve from UCS testing. 
 
 Hydraulic Conductivity Test 
Hydraulic conductivity tests on CPB samples were conducted according to ASTM D5084-90. A 
Triflex-2 apparatus was used to perform the hydraulic conductivity tests on CPB samples from 
high columns and standard molds. For the high columns, samples were taken from middle and 
bottom points of the column at 7, 28, and 90 days. For the control column without a membrane, 
samples from both points were collected at 90 days. For the standard sample molds, the cylindrical 
samples (with a 50-mm diameter and 100-mm height) under drained and undrained conditions 
were adopted at 7, 28 and 90 days. For each curing period, three samples were tested to ensure 
accuracy. 
Hydraulic conductivity of CPB is generally very low (≈ 5x10-5 cm/s) because of its smaller 
pore sizes. Hence, the flow of water by gravity alone is also particularly slow. Thus, in this 

























conductivity. The Tri-flex 2 apparatus creates a difference in pressure heads within the CPB 
sample to create water flow. The different pressure heads applied in this experimental study were 
95 kPa at the bottom point of the sample and 90 kPa at the top point of the sample; because of the 
5-kPa pressure difference with the CPB medium, water flow takes place from bottom to top. The 
volume of water flow over a constant time period was measured, and the hydraulic conductivity 
was calculated using the following equation: 










 ℎ(𝑡1) =  
𝑉𝑢(𝑡1)−𝑉𝑙(𝑡1)
𝑎




where a is area of the burette (0.906 cm2), L is the sample length, A is area of the sample (cm2), t 
is adopted time interval (seconds), PB is biased pressure, h represents the difference between the 
height of the water in the lower vs. upper burettes and Vu(ti) and Vl(ti) represent the volume of 




Figure 3.8. Tri-flex 2 apparatus for hydraulic conductivity test. 
 
 Dry Density Measurement 
The dry density measurement was performed on CPB samples from high column models to 
determine the effect of interface resistance on evolution of pore size in CPB matrix at the 
macroscale. ASTM D7263 standards were adopted to conduct the dry density measurement. The 
apparatus chosen to measure dry density was an OHAUS Ranger 7000 weighing scale (Figure 
3.9). The samples collected from the column were first dried in an oven at 45 °C for 24 hours 
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For column without membrane the dry density tests were performed on the samples at 90 days. 
The samples from the column were cut and measured, then dried in the oven at 45 °C for 24 hours 
to dry out all the moisture or water content in the samples. Once the samples were dried, their 
weight was measured, and their weight in water was also determined. Then, the dry density of the 









where 𝜌𝑑 represents dry density(kg/m3), md and muw denotes dry mass and underwater mass. 
 
Figure 3.9. Ohaus ranger 7000 apparatus for dry density test. 
 Scanning Electron Microscopy (SEM) Observation 
SEM analysis were performed on CPB specimens collected from sampling columns samples at 7, 
28, and 90 days and control column at 90 days. The samples were collected from middle and 
bottom point of the columns and dried in the oven at 45°C for 24 hours. Then, the dried samples 
are cut and analysed using scanning electron microscope. To investigate the microstructure of ITZ, 
CPB-plastic shear interface is coated with epoxy and cut to a thickness of 5mm for SEM analysis.
Weight of CPB in water 




 Results and Discussion 
 Large Scale Experimental Monitoring and Testing Results 
 Mechanical Process 
In this experimental study, mechanical process columns were studied by monitoring the long-term 
deformation and vertical stress in CPB long columns.  
 Vertical Displacement 
Figure 4.1 demonstrates the vertical deformation in columns with and without interface membrane. 
As shown in Figure 4.1, the settlement mainly takes place during early-age days, which can be 
attributed to the combined effect of water-drainage induced consolidation, and binder hydration 
controlled chemical shrinkage. After 28 days, the CPB in both columns show unnoticeable changes 
in the deformation. However, through the comparison of measured deformation of CPB from 
columns with and with interface membrane, it can be clearly seen that the CPB cured in the column 
with membrane demonstrates a significant reduction in the vertical settlement. For instance, the 
vertical settlement of CPB measured in column with membrane reaches 2.6mm at 90 days, and is 
reduced by 65% compared with vertical settlement (7.5mm) measured from control column 
without membrane. This is due to the interface frictional resistance. Except the adoption of 
interface membrane, all experimental setup and curing conditions of these two columns are same. 
Therefore, it can be concluded that rough interface can significantly affect the settlement in CPB, 
and thus proves that the proposed large-scale multiphysics physical model can be used as a useful 




Figure 4.1. Comparison of vertical displacement of CPB in columns with interface membrane and control 
column. 
 Vertical Stress 
As shown in Figure 4.1, the rough membrane is able to influence the development of settlement in 
CPB. Based on the constitutive relation, the associated stress will be affected as well. The 
measured vertical stresses at the bottom of columns are plotted in Figure 4.2. From this figure, it 
can be observed that 1) at the very early ages, no obvious changes in the vertical stress were 
measured, which is consistent with the deformation measurement at the same curing time. 
Therefore, rough interface imposes very limited effect on the development of stress in the fresh 
CPB. 2) As curing time elapses, the deviation of vertical stresses become more obvious in these 
two columns. For example, the vertical stresses in column with membrane and control column 
respectively reach 2.2kPa and 22kPa at 10 days. Similar reduction in the vertical stress has been 
reported by Helinski et al. (2011). Therefore, the developed large-scale multiphysics column 
model is able to uncover the stress redistribution under the arching effect. 3) After 10 days, the 
vertical stresses in column with membrane and control column show negligible changes with 
curing time. This is because the saturation state gradually changes from full saturated to partially 
saturated state due to the water drainage at the bottom of columns (Jaouhar and Li 2019), which 
can be confirmed by the measurement of matric suction and volumetric water content. 
Consequently, the water drainage induced consolidation decelerates at early ages. However, 


























found the curing time corresponding to the stable points of vertical stress and vertical settlement 
is inconsistent with one another. This can be explained by the different water drainage rate in CPB 
w.r.t. the vertical direction. Specifically, the water drainage at the bottom of column is relatively 
fast. However, the relatively small hydraulic conductivity of CPB will limit the pore-water 
convection under gravity effect. Consequently, the CPB at the bottom of column will first reach 
the unsaturated state compared with that at middle point, which indicates the ending point of 
consolidation at the bottom monitoring point. However, the consolidation may still continue in the 
locations above the bottom of CPB. Consequently, the differential consolidation results in the 




Figure 4.2. Comparison of vertical stress measured in column with interface membrane and 
control column at: (a) 10 days; and (b) 90 days. 
 
 Thermal Process 
To demonstrate the spatial changes in temperatures, two 5TE sensors were installed at the middle 














































temperature in the laboratory. Figure 4.3 shows the obtained results over a 90-day period. It can 
be found that (1) the initial temperature at monitoring points is higher than the ambient 
temperature. This is due to the exothermal characteristics of cement hydration (Cui and Fall, 
2017a). Consequently, the heat released by the hydration reaction leads to the warmer temperature 
at the very early ages. (2) However, the initial warmer temperature shows a rapid reduction with 
curing time and shows an evolutionary trend similar to the ambient temperature after two days. 
The temperature reduction can be attributed to the heat transfer by thermal conduction and 
convection (Cui and Fall, 2015). The former occurs with the aid of thermal gradient between CPB 
and ambient environment, while the latter takes place due to the water drainage. The combined 
effect of heat conduction and convection causes the rapid changes in the internal temperature of 
CPB. In consequence, the changes in CPB temperature is dominated by ambient temperature after 
two days. (3) From the figure, the temperature at middle point of the column with interface 
membrane shows relatively higher resistance to ambient temperature changes, which can be 
explained by the larger pore size and lower thermal conductivity at this monitoring point. In 
unsaturated porous media (in this case, CPB), pore size affects thermal conductivity. Larger pore 
size possesses a lower water retention capacity and, hence, a lower thermal conductivity (Abbasy 
2009). Consequently, due to the interface interaction, the resultant smaller settlement leads to 
larger pore size at middle point and thus decrease the thermal conductivity. Therefore, arching 




Figure 4.3. Comparison of temperature of CPB in columns with interface membrane and control 
column (MWM: middle point in a column with membrane; BWM: bottom point in a column 
with membrane; MNM: middle point in a column without membrane; and BNM: bottom point in 
a column without membrane). 
 Hydraulic Process 
The hydraulic process of CPB in columns with interface membrane and control column was 
evaluated by the measured matric suction and volumetric water content at different monitoring 
points. 
 
 Evolution of Matric suction 
Figure 4.4 outlines the evolution of matric suction over 90 days for high columns with and without 
interface membrane. It can be observed that the addition of rough interface membrane can 
significantly affect the evolution of matric suction inside CPB. Specifically, lower matric suctions 
were observed in the column with interface membrane. The development of matric suction can be 
explained by the competition of water drainage and the differential water retention capacity 
associated with the changes in pore size (Cui and Fall, 2018a). The former leads to the development 



























It should be pointed out, however, the magnitude of matric suction is dependent also on the water 
retention capacity (Cui and Fall, 2018b). As discussed in Subsection 4.1.1.1, the smaller vertical 
settlement was observed in the column with interface membrane, which will result in a larger pore 
size and thus a lower water retention capacity. Therefore, based on the measured results from this 
monitoring program, it can be concluded the arching effect causes the reduction of water retention 
capacity and weakens the development of matric suction. The weakened matric suction will 
directly affect the mechanical behavior of CPB, and thus the stability of backfill structure in stopes. 
 
Figure 4.4. Comparison of temperature of CPB in columns with interface membrane and control column.  
 
 Volumetric Water Content 
Since the matric suction is closely related to the evolution of water content in CPB, the volumetric 
water content (VWC) was measured at different monitoring point in this study. Figure 4.7 shows 
the evolution of VWC in the column with and without an interface membrane. As expected, the 
magnitude of VWC at the bottom point is higher than the counterpart at the bottom point. With the 
help of hydraulic gradient in the vertical direction, the water migration will cause the accumulation 
at the bottom of column and thus cause relatively higher VWC at the bottom point with curing 
time. Moreover, it can bee seen that the rate of change of water content shows a decreasing trend 
with curing time, which can be attributed to the reduction in the cement hydration rate and 



























into the unhydrated cement by the hydration products, and the latter is due to the water drainage 
through bottom of CPB. However, through the comparison of VWC in these two columns (see 
Figure 4.7(a) and (b)), it can be found that the addition of rough interface membrane can 
significantly reduce the magnitude of VWC in CPB. For instance, the VWC at middle and bottom 
points respectively reach 0.336 m³/m³ and 0.388 m³/m³ at 90 days, which is reduced by 18.75 % 
and 6% compared with the counterparts in the control column. This is because the addition of 
rough interface membrane (i.e., the arching effect) can produce a large pore size and facilitate the 
water drainage to a higher extent. Therefore, arching effect is able to influence the evolution of 




Figure 4.5. Comparison of volumetric water content of CPB in columns with (a) interface 
membrane; and (b) control column. 
 
 Chemical Process 
Based on previous studies (Courard et al. 2014); (Haiqiang et al. 2016); (Li and Fall 2016), it has 
been found electrical conductivity (EC) can be used as a valuable indicator for the progress of 
cement hydration in CPB. Figure 4.6 illustrates the evolution of EC in the column with a membrane 






























































can be explained by the higher water content (see Figure 4.5) at the bottom of columns. It is well 
known that the pore air will increase the electrical resistivity. Consequently, lower water content 
with larger pore-air content will decrease the EC. Therefore, lower EC values were observed at 
middle points, which is consistent with findings in Section 4.1.3.2. (2) Through comparison of EC 
measured between column with interface membrane and control column, it can be seen that lower 
EC values exist in column with interface membrane from early to advanced ages. This is because 
the rough interface membrane is able to reduce the settlement and causes a large pore size in CPB. 
Consequently, the water drainage can proceed to a higher extent and thus further reduce the EC in 
CPB. Correspondingly, the lower water content will negatively influence the pore-water diffusion 
into the unhydrated cement and the cement hydration. Therefore, the arching effect can indirectly 






Figure 4.6. Comparison of electrical conductivity of CPB in columns with (a) interface 
membrane; and (b) control column. 
 
 Mechanical Testing Results 
Based on the monitoring results from Section 4.1, it can be found the interface interaction (i.e., the 
arching effect) can significantly affect THMC processes in CPB. The latter governs the evolution 
of mechanical properties and behavior of backfill materials, and thus its stability. Therefore, it is 






























































interaction loading condition. In this regard, the mechanical testing program was carried out 
through direct shear tests and unconfined compressive strength tests on the samples collected from 
sampling columns with membrane at 7, 28, and 90 days. 
 
 Direct Shear Tests 
To clearly demonstrate the effect of curing time, interface interaction and scale size on the shear 
behavior and properties of CPB, the mechanical testing results were compared with measurements 
from control samples cured in standard sample molds, and respectively presented in Subsections 
4.2.1.1 to 4.2.1.3. 
 
 Effect of Curing Time on Shear Behaviour of CPB 
Figure 4.7 demonstrates evolutive constitutive behaviour of CPB at the middle and bottom points 
of sampling columns (with membrane) at 7, 28 and 90 days. It can be observed that curing time 
plays a critical role in the evolution of shear behavior of CPB. Specifically, the slope of loading 
portion gradually increases with curing time, which indicates the backfill materials becomes stiffer 
as curing time elapses. The stiffer backfill material implies more immediate secondary support to 
the surrounding rocks walls in stopes when subjected to finite deformation. Moreover, the 
hardening behaviour becomes more obvious with curing time at pre-failure stage, which directly 
contributes to a higher shear strength under the same normal stress. Furthermore, as shown in 
Figure 4.7, the softening behaviour is significantly strengthened at the post-failure stage. 
Correspondingly, a sudden drop in shear stress appears after peak stress at the advanced ages. 
Based on the obtained results, it can be concluded the curing time can affect the pre- and post-
failure behaviour and mechanical properties including shear stiffness and shear strength 
parameters (including internal friction angle and cohesion). 
The calculated shear stiffness and shear strength parameters are listed in Table 4.1. It can be 
seen that the shear stiffness and shear strength parameters are sensitive to the curing time. The 
improvement of stiffness and cohesion can be attributed to the development of matric suction and 
bond strength between tailings(Yilmaz et al. 2009b) particles. However, the increase in the internal 
frictional angle is mainly due to the loss of lubricating pore water between tailings particles with 





Figure 4.7. Shear stress-shear displacement curves of CPB specimens collected at (a) middle and 
(b) bottom point of column with interface membrane at for 7, 28 and 90 days for normal shear 






Table 4.1. Evolution of shear strength parameters and shear stiffness of CPB from column with interface 
membrane at 7, 28 and 90 days. 
 













102 157 183 212 282 287 
Frictional 
angle,φ (°) 
35.26 37.82 43.83 49.9 59.5 57.11 
Stiffness,Ks 
(kPa/mm) 
70.59 122.5 189.77 202.62 369.86 396.18 
 
 Effect of Interface Interaction on the Shear Behaviour of CPB 
As shown in Section 4.1, the interface interaction can affect the stress distribution and vertical 
settlement in CPB, which will affect the microstructure of CPB. Correspondingly, the mechanical 
behavior will be affected by the interface interaction. To uncover the effect of interface interaction, 
the measured shear constitutive curves of CPB from the column with interface membrane were 
compared with counterparts obtained from control column at 90 days and presented in Figure 4.8. 
From this figure, it can be observed that the addition of rough interface membrane causes the 
reduction of shear stiffness, peak shear strength and residual shear strength. This is because the 
interface interaction causes the smaller settlement and thus a large pore size in CPB, which will 
reduce the density and shear resistance. Moreover, the lower matric (see Figure 4.4) will further 
weaken the shear strength and residual shear strength of backfill materials. Therefore, it is 




Figure 4.8. Shear stress-displacement curves of CPB specimens collected from (a) column with 
interface membrane and (b) control column at 90 days. 
 
Table 4.2 summarizes the 90-day mechanical properties including shear stiffness and shear 
strength parameters of CPB from the column with an interface membrane and control column. It 
can be found that compared with results from different monitoring points from the same column, 
the addition of rough interface membrane can cause larger changes in mechanical properties at 90 
days 
Table 4.2. Cohesion and friction angle for column with and without arching. 
 
Column with interface membrane Control column 
Middle Point Bottom Point Middle Point Bottom Point 
Cohesion, 
c (kPa) 
282 287 302.29 352.06 
Frictional 
angle,φ(°) 
59.5° 57.11° 63.69° 61.13° 
Shear stiffness, 
Ks(kPa/mm) 




 Unconfined Compressive Strength Tests 
Based on conventional design method for mine backfill design, the unconfined compressive 
strength (UCS) is adopted to calculate the factor of safety and thus used to back calculate the mix 
recipe for CPB design. Therefore, it is necessary to investigate compressive behavior and 
properties for CPB design.  
 Effect of Curing Time on the Compressive Behavior of CPB 
The measured stress-strain curves of CPB from the column with interface membrane is presented 
in Figure 4.9. From this figure, it can be clearly found that the compressive behaviour is sensitive 
to the curing time. Specifically, the hardening/softening behaviour becomes more obvious with 
curing time. Correspondingly, UCS values are improved to a higher extent at advanced ages. The 
enhancement of compressive behaviour can be contributed to the combined effect of cement 
hydration and matric suction. As curing elapses, the hydration products can improve bond strength 
and thus contributes to the improvement of UCS values and strain hardening/softening behaviours 
(Cui and Fall, 2016b). Moreover, the development of matric suction (see Figure 4.4) will further 




Figure 4.9. Compressive behaviour of CPB specimens collected at (a) middle and (b) bottom point of 
column with interface membrane at for 7, 28 and 90 days. 
The calculated elastic modulus (E50) of CPB from the column with interface membrane is 
listed in Table 4.3. It can be seen that the significant improvement of elastic modulus was obtained 
in CPB with curing time. The elastic modulus refers to the increase rate of stress when CPB is 
subjected to a unit strain. Therefore, a larger elasticity will improve the immediate support from 
CPB to surrounding rock mass and thus contributes to the improvement of mechanical stability of 
underground stopes. However, it should be noted that the strain corresponding to the peak stress 


















































brittleness in the backfill materials. Therefore, CPB may experience brittle failure when subject to 
finite deformation at advanced ages. 
 
Table 4.3. Effect of curing time on the elastic modulus of CPB from the column with an interface 
membrane at 7, 28, and 90 days. 
 Middle point Bottom point 
Curing period 
(days) 




30 100 130 40 110 140 
 
 Effect of Interface Interaction on the Compressive Behaviour of CPB 
Figure 4.10 shows the stress-strain curves of CPB from the column with interface membrane and 
control column at 90 days. From this figure, it can be observed that compared with results obtained 
from different spatial positions (middle and bottom points), the addition of interface membrane 
causes a larger change in the compressive behaviour. CPB from the column with interface 
membrane shows a smaller peak stress and flatter slope along the loading portion of stress-strain 
curves. Based on the obtained results from monitoring program and mechanical tests, it can be 
confirmed that the interface interaction (i.e., arching effect) cannot only reduce the vertical stress 
at the bottom of CPB, but also weaken the mechanical behaviour and properties of CPB. Therefore, 
the obtained results from this study implies the incorporation of arching effect into CPB design 
requires the accurate evaluation of mechanical properties of CPB. The conventional analysis of 
arching effect based on the mechanical properties measured from standard specimens may 




Figure 4.10. Comparison of compressive stress-strain curves of CPB from column with interface 
membrane and control column at (a) middle point and (b) bottom point. 
The calculated elastic modulus is listed in Table 4.4. It can be clearly seen that the addition of 
interface membrane causes the reduction of elastic modulus. Therefore, the interface interaction is 



















































Table 4.4. Elastic modulus of CPB from column with interface membrane and control column at 
90 days. 
 
Column with Interface Membrane Control Column 
Middle Point Bottom Point Middle Point Bottom Point 
Elastic modulus 
(MPa) 
127 170 154 180 
 
 Auxiliary Analysis 
As discussed in Section 4.1 and 4.2, the interface interaction can affect the multiphysics processes 
and thus the mechanical response and properties of CPB. The associated mechanisms have been 
discussed. To further provide the evidence on the potential mechanisms responsible for the 
mechanical behavior and properties of CPB, the scanning electron microscopy (SEM) observation, 
saturated hydraulic conductivity tests, and dry density measurements were performed. 
 Scanning Electron Microscopy Observation 
Figure 4.11 presents the SEM images of CPB from the column with interface membrane (from 
Figure 4.15 (a) to (f)), and control column (Figure 4.11(g) and (h)). It can be observed that (1) the 
pore space is refined to a higher extent with curing time, which confirms the contribution of 
hydration products to pore refinement. The denser CPB matrix will eventually improve the 
mechanical behavior and properties at the macroscale. (2) The pore size at the bottom position 
becomes smaller at advanced ages compared with the counterpart at the middle point, which 
confirms the existence of differential settlement in CPB due to interface interaction. (3) Through 
comparison of microstructure of CPB from control column (i.e., Figure 4.11 (g) and (h)), larger 
pore size can be observed in CPB from the column with membrane at the same curing time (90 
days), which confirms the effect of interface interaction on the microstructure change of CPB. 
Therefore, the SEM observation on CPB specimens provide valuable information at the 
microscale, and thus uncover the effect of curing time and interface interaction on the 
microstructure changes in CPB matrix. The associated SEM observation are consistent with the 





Figure 4.11. SEM images of CPB from high columns with membrane  at (a) 7 day bottom, (b) 7 day 
middle, (c) 28 day bottom, (d) 28 day middle, (e) 90 day bottom, (f) 90 day middle points and for column 











 Hydraulic Conductivity Tests 
As discussed in previous sections, the interface interaction causes the reduction in the vertical 
settlement and thus affects the microstructure of CPB, which will in turn affect the mechanical 
behavior and properties of CPB at the macroscale. To confirm the effect of interface interaction 
on the microstructure, the measurement of saturated hydraulic conductivity was conducted. The 
obtained hydraulic conductivity can be used as a valuable parameter to assess the evolution of 
porosity in CPB. Figure 4.12 shows the evolution of hydraulic conductivity of CPB from column 
with interface membrane at 7, 28, and 90 days. It can be observed that the hydraulic conductivity 
shows a decreasing trend with curing time. This is mainly attributed to the pore refinement by the 
hydration products with curing time. Moreover, the comparison of hydraulic conductivity of CPB 
from column with interface membrane and control column at 90 days are summarized in Table 
4.5. It can be clearly seen that the addition of interface membrane can increase the hydraulic 
conductivity at all spatial positions. Since pore fluid (i.e., pore water) is same in the control column 
and the column with interface membrane, the saturated hydraulic conductivity is dependent only 
on the pore size of CPB skeleton. The higher hydraulic conductivity indicates large pore size in 
CPB and thus can confirm the effect of interface interaction on the microstructure change of CPB 
materials. 
 






































Table 4.5. Hydraulic conductivity of samples from column with and without membranes after 90 days of 
curing period. 
Position 
Column with membrane 
(cm/s) 
Column without membrane 
(cm/s) 
Middle Point 2.58457 x 10-6 1.44 x 10-6 
Bottom Point 1.19863 x 10-6 5.29863 x 10-7 
 
 Dry Density Measurements 
The microstructure evolution causes changes in the material density at the macroscale. The dry 
density is dependent only on the solid phase and thus can be used as a reliable quantity to assess 
the microstructure changes at the macroscale. Figure 4.13 shows the dry density of CPB from the 
column with interface membrane from early to advanced ages. It can be observed that the dry 
density at the middle point was significantly lower than the dry density at the bottom point. The 
variation of dry density is affected by the degree of consolidation. The consolidation can proceed 
to a higher extent with curing time. Consequently, a higher dry density was measured from CPB 
at advanced ages. It is well known that the material density affects its strength, because higher 
density indicates a stronger particle interaction (friction resistance) along the contact surfaces. 
Consequently, the mechanical response and properties of CPB will be affected by the change in 
material density. Moreover, through the comparison of dry density of CPB from control column 
and column with interface membrane (see Table 4.6), it can be observed that addition of interface 
membrane can reduce the material density. This is because the vertical settlement is significantly 
reduced in CPB with interface interaction (see Figure 4.1). Consequently, a larger porosity will be 




Figure 4.13. Dry density of column with membrane for 7, 28 and 90 days’ curing period for 
middle (MWM) and bottom (BWM) points. 
Table 4.6. Dry density at middle and bottom point of high columns with and without membranes 
for 90-day curing period. 
Position 
Column with membrane 
(kg/m3) 
Column without membrane 
(kg/m3) 
Middle Point 1434.836 1467.969 
Bottom Point 1460.709 1480.08 
 
 Mechanical Testing on the CPB Specimens from Standard Molds 
After placed into the underground excavations, the mechanical behaviour and properties of CPB 
are governed by the in-situ multiphysics processes. However, the conventional experimental 
studies on CPB are commonly conducted by the small specimens from standard molds. 
Consequently, the obtained results and associated evolutionary trends may differ from the in-situ 
behavior of CPB. Therefore, the large-scale experimental monitoring and testing program was 




























the laboratory tests including direct shear tests, unconfined compressive strength tests and 
hydraulic conductivity tests were also performed on CPB specimens cured in the standard molds. 
The corresponding testing results are presented in Section 4.4.1 to 4.4.3. 
 
 Direct Shear Tests 
Figure 4.14 shows effect of curing time on the shear stress-displacement relation of CPB under 
drained and undrained conditions, respectively. From this figure, it can be confirmed that (1) 
curing time plays a key role in the evolutive constitutive behavior. The mechanical properties 
including shear stiffness and peak shear stress show significant improvement with curing time. 
Moreover, the strain hardening/softening behavior becomes more obvious as curing time elapses, 
which is similar to that observed from samples from column models. Furthermore, through the 
comparison of shear behaviour of CPB under drained and undrained condition, it can be observed 
that the water drainage is able to further improve the mechanical behavior and elastic modulus (see 
Table 4.7).  
 
Figure 4.14. Shear stress-shear displacement curves of CPB from standard molds under (a) 




















































































Table 4.7. Development of shear strength parameters and stiffness of CPB cured in standard 
molds from early to advanced ages. 
 CPB under drained condition CPB under undrained condition 
Curing time 
(days) 
7 28 90 7 28 90 
Cohesion 
(kPa) 
83.77 162.12 254.11 97.82 170.25 213.33 
Internal fiction 
angle (φ°) 
54.26 48.93 58.68 38.66 34.72 41.24 
Shear stiffness 
(kPa/mm) 
58.34 107.87 187.07 107.5 132.9 300.27 
 
The comparison of shear behaviour of CPB from standard molds and large-scale column 
models is plotted in Figure 4.15. It can be seen that the shear behaviour of CPB shows similar 
evolutionary trend in terms of pre- and post-failure stages. However, the magnitude of mechanical 
properties (shear stiffness and peak shear stress) shows inconsistent values. Based on the obtained 
results, it can be confirmed that the conventional testing results of CPB from standard molds are 
suitable for the qualitative analysis of CPB behaviour, while the large-scale sample curing and 
testing system is required for the quantitative analysis of CPB behaviour, especially for the 




Figure 4.15. Comparison of shear behaviour CPB (normal stress: 150 kPa) from high column and 
standard molds at (a) 7 days, and (b) 90 days. 
 Unconfined Compressive Strength Tests 
This section shows the effect of curing time on the UCS of CPB under drained and undrained 
condition. Figure 4.16 illustrates the stress-axial strain curves of 7-, 28- and 90-day samples cured 
under undrained and drained conditions. It can be observed that the curing time plays a role similar 
to that in the shear behaviour. First, the elastic modulus show an increasing trend with curing time, 
regardless of water drainage condition (see Table 4.8). Second, a significant improvement of pre- 
and post-failure behaviour was observed in CPB under compressive stress. However, it is 
interesting to find the residual strength shows similar values in CPB cured under undrained 
condition. However, distinctive residual strength was observed in CPB samples under drained 
condition. This can be explained by the weakened particle friction due to the pore-water lubricant 











































































Figure 4.5). Consequently, higher water content in CPB under undrained condition will reduce the 
friction resistance between tailings particles at the microscale and thus negatively affects the shear 
behaviour of CPB under compressive stress. 
The comparison of compressive behaviour of CPB from standard molds and large-scale column 
models is presented in Figure 4.17. Compared with CPB from standard molds, the compressive 
behaviour of CPB from large-scale column models is improved from early to advanced ages. For 
instance, the UCS of CPB from large-scale column models were increased by approximately 11% 
relative to CPB from standard molds. Increase in UCS of CPB from large-scale column models 
can be attributed to the higher curing pressure which led to higher extent of consolidation.   
Therefore, it is necessary to adopt large-scale monitoring and testing model to study the in-situ 




Figure 4.16. Comparison of compressive behaviour CPB cured in standard molds and under (a) 
















































Table 4.8. Development of elastic modulus of CPB cured in standard molds from early to 
advanced ages. 
 CPB under drained condition CPB without drainage condition 
Curing time 








Figure 4.17. Comparison of compressive behaviour of CPB from high column and standard 





















































 Hydraulic Conductivity Tests 
Figure 4.16 presents the measured hydraulic conductivity of CPB from the standard molds with 
drained and undrained conditions. As expected, the water drainage can effectively reduce the pore 
size and thus the hydraulic conductivity compared with CPB samples under undrained conditions. 
It should be pointed out the water drainage exits in the in-situ backfill materials, which include the 
upward drainage to the CPB surface and limited drainage through barricade structure. The water 
drainage is an important mechanism responsible for the consolidation process in CPB, which 
indicates the coupling process between mechanical and hydraulic process. Since mechanical 
stability is one of the most design criteria for mine backfilling operation, the hydraulic conductivity 
plays a significant role in the evolution of mechanical properties and behaviour of CPB materials.  
 
Figure 4.18. Comparison of hydraulic conductivity of CPB cured in standard molds and under 
drained and undrained conditions. 
 
The comparison of hydraulic conductivity of CPB from standard molds and large-scale molds 
column models is plotted in Figure 4.19. Higher curing pressure in large-scale model samples 
lowered the hydraulic conductivity of CPB on an average by 20% and tend to govern the 



































Figure 4.19. Comparison of hydraulic conductivity from high column and standard molds. 
 Interfacial Transition Zone 
As discussed previously, the interface interaction is able to affect THMC processes and thus the 
mechanical behaviour and properties of CPB. Therefore, the interface interaction must be 
quantitatively evaluated for the CPB design. From microstructural viewpoint, the interface 
behaviour is dependent on the surface roughness of rock walls, CPB properties, and in-situ stress 
conditions. Consequently, the relative displacement between CPB and surrounding rock walls will 
cause the sliding and rotation of tailings particles along the interface, which will be accompanied 
by the volume change in the vicinity of rock wall. The microstructure of CPB near the rock walls 
will affect the stress redistribution in CPB mass at the macroscale. Therefore, it is necessary to 
investigate the microstructure of interface. Figure 4.21 shows SEM image of the interfacial 
transition zone (ITZ) between CPB and interface membrane. It can be clearly seen that the ITZ 
possess a distinctive microstructure compared with CPB matrix, which directly causes a 
heterogeneous material in this narrow zone. The relatively loose microstructure will weaken the 
mechanical properties (e.g., material strength and stiffness) and behaviour of CPB in the ITZ. 
Therefore, to accurately evaluate the interface behavior and its effect on the CPB mass, the 




































Figure 4.20. SEM image of interfacial transition zone. 
 Discussion 
In this experimental study, the effect of interface interaction on the THMC process and mechanical 
behavior and properties of CPB was systematically investigated. Dissimilarities in mechanical 
behaviour of CPB from large-scale column models and standard molds were also identified. 
Therefore, this research has provided valuable information on behaviour of CPB when subjected 
to interface interaction loading condition. From the large-scale experimental monitoring program, 
it has been found the interface interaction reduces the settlement and vertical stress by the interface 
resistance, which confirms the influence of interface interaction on the mechanical process in CPB. 
Moreover, the reduction in vertical settlement leads to a lower degree of consolidation and higher 
pore size. As a result, the hydraulic conductivity increases in CPB under the interface interaction 
loading condition. As the key hydraulic property, the dependence of hydraulic conductivity proves 
the effect of interface interaction on the hydraulic process. Correspondingly, the matric suction 
and volumetric water content in CPB will be affected as well. For thermal process, the heat 
convection through pore-water migration causes the heat loss and thus affects the evolution of 
temperature in CPB. Since the interface interaction is able to influence the pore-water migration 





thermal process as well. Similarly, pore-water migration leads the change in the water content in 
CPB and thus affect the progress of cement hydration. Therefore, the interface interaction is able 
to affect the multiphysics (i.e., THMC) processes in CPB. It should be noted that the THMC 
processes govern the in-situ behaviour (including compressive and shear behaviours) of CPB and 
thus mechanical stability of CPB mass in stopes. Therefore, the interface interaction plays a critical 
role in CPB design. 
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 Conclusions and Future Recommendations 
 Conclusion 
From this experimental study, the effect of interface interaction on the THMC processes and 
mechanical behavior of CPB was systematically investigated through a new large-scale column 
model. The proposed monitoring and testing program were successfully implemented, and 
valuable findings were obtained from this study. The following conclusions are drawn based on 
the obtained results: 
1. The interface resistance is able to reduce the settlement and vertical stress in CPB. The resultant 
CPB matrix with a relatively large porosity will reduce the material strength of backfill material, 
especially the zone near the interface. Consequently, the interface interaction on the mechanical 
process must be fully considered in the design of CPB. 
2. The interface resistance results in a higher hydraulic conductivity of CPB, and thus affects the 
pore-water migration and water content. In consequence, the spatial distribution and magnitude 
of matric suction are affected. The mechanical behaviour of CPB is governed by the evolution 
of effective stress, and thus depends on the development of matric suction. Therefore, the effect 
of interface interaction on the hydraulic process will influence the mechanical behaviour of 
CPB. 
3. The heat transfer is affected by heat convection and thus the pore-water migration in CPB 
matrix. Since interface interaction is able to enhance the pore water percolation and thus the 
heat convection, the temperature evolution (i.e., thermal process) is affected by the interface 
interaction. 
4. Due to the temperature dependence of cement hydration, the temperature evolution affects the 
hydration rate. Moreover, the pore-water migration will change the water content in CPB 
matrix. Consequently, the thermal and hydraulic process affects the chemical process. 
Therefore, interface interaction is able to impose significant impacts on cement hydration. 
5. Based on the results from direct shear tests, it has been found that CPB cured in large-scale 
column models shows distinctive pre- and post-failure behaviour, and increased shear stiffness, 
cohesion and internal friction angle compared with the CPB specimens cured in standard molds. 
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6. Based the UCS testing results, it has been confirmed that CPB from large-scale column models 
shows significant improvement of material strength and elastic modulus, which contributes to 
the mechanical stability of CPB mass in stopes.  
7. The results from mechanical testing program prove that the developed large-scale column 
model in this study is an effective tool to investigate interface interaction, multiphysics process, 
and mechanical behaviour of CPB. Moreover, the distinctive mechanical behaviour and 
properties of CPB from large-scale column models and standard molds indicates unsafe design 
through the conventional strength-based design approach. 
8. The dry density measurement further proves the effect of interface interaction on the 
microstructure and the mechanical properties of CPB at the macroscale. The dry density can be 
used as a reliable indicator for the improvement of mechanical behaviour of CPB. 
9. The interface transition zone (ITZ) was identified by the SEM observation. It has been found 
that the ITZ possesses strong heterogeneity at the myometer scale compared with CPB matrix. 
The strongly heterogeneous microstructure inside ITZ is responsible for distinctive interface 
behaviour and its effect on the mechanical behaviour of CPB mass. 
 Recommendations 
Although valuable findings were obtained through this work, there still exists some problems 
which requires extra efforts to address in the future work. Some recommendations to further 
improve understanding of the mine backfill material are listed as follows: 
1. The results from the present experimental study has uncovered the mechanical behaviour of 
CPB with interface resistance. It is highly recommended to use to the findings from this study 
to develop a multiphysics mathematical model for theoretical research. 
2. Multiscale analysis is a particularly challenging aspect of CPB. It is highly challenging to 
determine the micro-scale behaviour of CPB by macro-scale level testing method. The 
properties of CPB at the ITZ tend to govern the behaviour of the CPB mass at the macroscale. 
It is highly recommended to study the range of ITZ under various curing conditions (e.g., 
consideration of curing time, and normal stress). 
3. One of the main factors affecting the arching effect is the surrounding rock’s roughness. CPB 
interaction with different rock surfaces will provide crucial information on the variation of 
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arching with these surfaces. Hence, the control of the rock surface at the laboratory level can 
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